Introduction
Current focus on energy sustainability and stricter legislation on the emission of CO 2 has sparked a renewed interest in thermoelectric (TE) power harvesting technologies which can directly convert thermal waste heat into useful electricity. TE generators consist of highly doped p-n-semiconducting junctions electronically connected in series and thermally in parallel which can generate power by utilizing the Seebeck effect and the Peltier effect for cooling. Thermoelectric devices offer advantages over other energy harvesting techniques which include solid-state operation with no moving parts, zeroemission, silent operation, vast scalability and high reliability with no maintenance and long operating lifetimes (1) . Despite these merits the use of TE generators has been vastly limited to niche applications due to their low efficiency and bulky size. The efficiency of a TE generator is related to so called figure of merit, ZT (2):
where σ is the electrical conductivity, S is the Seebeck coefficient, , T the absolute temperature and κ is the thermal conductivity respectively. High efficiency TE materials therefore require a high ZT value, which in turn requires a large σS 2 and a low κ. The currently best performing TE materials in commercial TE devices are based on bulk alloys of bismuth telluride such as n-type Bi 2 Te 3 and p-type Bi 0.5 Sb 1.5 Te 3 for refrigeration and waste heat recovery up to 200°C and have shown maximum ZT values of about 1 (2) . In heavily doped bulk semiconductors σ and κ are interlinked due to the WiedemannFranz law and cannot be varied independently which makes it difficult to increase ZT. Dresselhaus et al. (3) however calculated that low dimensional structures such as 1D nanowires and 2D quantum wells systems could dramatically increase S and hence ZT in TE materials to ZT≥10. This is due to an enhancement in the density of states (DOS) near the Fermi level via quantum confinement and a reduced lattice thermal conductivity due to increased phonon surface scattering in nanoscale systems. Nanostructures therefore offer an exciting opportunity to engineer materials with enhanced ZTs as σ and κ can be decoupled via quantum confinement in low dimensional systems. For these reasons bismuth telluride alloys have been selected as the most suitable target materials for 1D nanostructures growth in the present study.
The fabrication of nanostructures of n-type bismuth telluride has been studied in great detail using a variety of different approaches including electrodeposition into porous alumina templates (4-6), surfactant-mediated solvothermal techniques (7, 8) , step edge selective electrodeposition (9) , galvanic displacement (10), high temperature organic synthesis from solution (11), low temperature and template-free synthesis (12) . There are only very few reports on the preparation of p-type bismuth antimonide telluride nanostructures such as the templated electrodeposition into either anodic alumina templates (13) or polycarbonate membranes (14) . The main challenge with the electrodeposition of p-type bismuth antimonide telluride nanostructures has been attributed to the low solubility of Sb in aqueous electrolytes which hence results in insufficient amounts of Sb 3+ .
Despite the success of the above mentioned methods in preparing nanostructures of n-and p-type bismuth telluride alloys these have clear limitations in the size and density of thermoelectric elements that can be prepared whilst not being compatible with silicon microfabrication processes. However ion-track etch lithography is a low-cost process that can product templates with deep vertical and narrow channels suitable for nanowire growth (15) . It employs heavy accelerated ions as a source to damage the material, making it susceptible to chemical etching in the direction defined by the irradiation. This can produce low-cost templates for nanowire growth with diameters < 50 nm and high aspect ratio (> 1000).
In this paper we report the fabrication of high density arrays of n-type Bi 2 Te 3 and p-type Bi 0.5 Sb 1.5 Te 3 nanowires by electrodeposition into ion-track etched polyimide Kapton templates. This material offers a number of distinct advantages over porous alumina templates which include high flexibility, a low thermal conductivity (0.12 Wm -1 K -1 ), high chemical and heat resistance (3K to 593K) and compatibility with silicon microfabrication (16) which make it promising for thermoelectric applications. In order to identify the best electrodeposition parameters for nanowire growth initial efforts focused on determining the optimal parameters for thin film deposition of Bi 2 Te 3 and Bi 0.5 Sb 1.5 Te 3 which were used as a starting point.
Experimental details
The polyimide samples used are based on Kapton foils with a nominal thickness of 20 μm (Dupont) which are irradiated by heavy accelerated Pb + ions (4 MeV/A energy) producing the required parallel tracks with an ion-track density of 5 x 10 9 ions/cm 2 . These are subsequently pre-etched in H 2 O 2 solution at 60°C for 100 min followed by etching in sodium hypochlorite (NaClO, 13%, pH 12.5) solution at 60° C for 2.5 min.
Electrochemical deposition experiments were carried out in a three electrode cell using an Autolab potentiostat/galvanostat under potentiostatic control. A large area platinum gauze and saturated calomel electrode (SCE) served as counter and reference electrodes respectively. Fig.1 shows a representative SEM image for the etched polymer morphology of a Kapton foil that was employed for nanowire growth which was observed using a JSM-6500F scanning electron microscope (SEM). The diameter of the pores etched as a function of temperature, pH, pre-etch conditions was on average 80 nm which results in a pore aspect ratios of 300:1. Through careful control of these parameters pore diameters below 20 nm could be achieved (17) which demonstrates the feasibility of ion-track etch technology to achieve even higher aspect ratios for thermoelectric applications. It was further found that the pores were etched all the way through the Kapton material. Transport measurements (electrical resistivity, carrier concentration, Hall coefficient and Hall mobility) were performed at room temperature in-plane on Bi 2 Te 3 and Bi 0.5 Sb 1.5 Te 3 electroplated thin films using the standard van der Pauw technique with a dc current of 19 mA and a permanent magnetic field of 0.55T on a commercial Hall effect measuremt system (HMS300, Ecopia). To eliminate any contribution from the underlying gold substrate to the measured electrical resistivity the films were embedded in an epoxy matrix and peeled off. Ohmic contacts were made by soldering copper wires with In-Sn solder onto four corners of 1 cm 2 area films and performing 10 average measurements per film to ensure reproducibility. Table 1 The Seebeck coefficient was determined using a custom made Seebeck measurement unit, which was calibrated against a reference standard. The Seebeck coefficient was found to be -52 μV K -1 for Bi 2 Te 3 and 122 μV K -1 for Bi 0.5 Sb 1.5 Te 3 thin films at room temperature, which is in agreement with a positive and negative Hall coefficient that Bi 2 Te 3 is n type whereas Bi 0.5 Sb 1.5 Te 3 is p type.
Results and Discussion

Conclusions
Ion-track etched polyimide-based Kapton foils are promising nanotemplates for the electrochemical growth of high density arrays of stoichiometric and preferentially oriented n-type Bi 2 Te 3 and p-type Bi 0.5 Sb 1.5 Te 3 nanowires with diameters of 20-80 nm and length of 20μm and high aspect ratios suitable for thermoelectric nanostructured generators.
